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Abstract
No dependence of electroreflectance line shapes upon polarization direction or crystal orientation is found for
any core-level electroreflectance structure from the Ga 3dv core levels to the conduction bands in GaP.
Matrix-element effects that are responsible for anisotropy in sp3 valence-conduction-band electroreflectance
spectra appear to be too weak to be detected in core-level spectra. The result may be general. The field-induced
modulation line shape, Δε1, for the Ga 3dv32,52−Xc6 critical points is obtained from the dependence of the
spectra and the generalized Seraphin coefficients upon angle of incidence. The line shape is further analyzed to
obtain the Δε1 spectrum for Ga 3dv52−Xc6 alone. This procedure yields a spin-orbit splitting Δ3d=0.43±0.02
eV. A weighting of 0.65 ± 0.05 is also obtained for the j=32band relative to the j=52 band. This is in good
agreement with the 4:6 ratio expected on d-band occupancy, showing that the matrix elements are also
independent of j. The line shape of Δε1 is in good agreement with that predicted by the lifetime-broadened,
Coulomb-enhanced Franz-Keldysh theory given by Blossey. The line shape shows a broadening of 160 meV
for this transition, and a momentum matrix element about 1/3 as large as that characteristic of sp3 valence-
conduction-band transitions.
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No dependence of electroreflectance line shapes upon polarization direction or crystal orientation is found for
any core-level electroreflectance structure from the Ga 3d" core levels to the conduction bands in GaP.
Matrix-element sects that are responsible for anisotropy in sp' valence-conduction-band electroreflectance
spectra appear to be too weak to be detected in core-level spectra. The result may be general. The field-
induced modulation line shape, hz, , for the Ga 3d3» 5» —X6 critical points is obtained from the dependence of
the spectra and the generalized Seraphin coefficients upon angle of incidence. The line shape is further
analyzed to obtain the he, spectrum for Ga 3d,"» —X6 alone. This procedure yields a spin-orbit splitting
5,„=0.43 ~0.02 eV. A weighting of 0.65 ~0.05 is also obtained for the j = 3/2 band relative to the j = 5/2
band. This is in good agreement with the 4:6 ratio expected on d-band occupancy, showing that the matrix
elements are also independent of j. The line shape of hc, is in good agreement with that predicted by the
lifetime-broadened, Coulomb-enhanced Franz-Keldysh theory given by Blossey. The line shape shows a
broadening of 160 meV for this transition, and a momentum matrix element about I/3 as large as that
characteristic of sp ' valence —conduction-band transitions.
I. INTRODUCTION AND SUMMARY
In this paper, we investigate for GaP the depen-
dence of electroreflectance (EH) line shapes upon
crystal orientation, and examine in detail the line-
shape characteristics of the Ga 3d",&, -X,' funda-
mental direct core-level-conduction-band transi-
tion. Our results are as follows.
No crystal orientation (polarization) effect signi-
ficantly larger than the experimental uncertainty
was found for any core-level-conduction-band
structure. This is not surprising, since the crys-
ta.l potential is so weak relative to the core poten-
tial that it is unable to separate the core levels
into states of different symmetry that can be en-
ergy resolved. ' Thus the main mechanism for
symmetry analysis in modulation spectroscopy'
is not applicable in core-level transitions. The
result obtained here for GaP may be general.
The dependence of the ER spectra and of the
generalized Seraphin coefficients on angle of in-
cidence' is used to obtain explicitly the line shape
&e„representing the field-induced change in the
real part of the dielectric function for the
Ga 3d",&, /2 X6 critical points.
The j= 2 and j=-,' components, which overlap
somewhat in the ~&, spectrum, were separated by
means of a recursion equation to give the line
shape &&, for the j= —,' component alone. In the
separation procedure, a spin-orbit splitting of
b, ~= 0.43 +0.02 eV was found, in essential agree-
ment with previously determined values4~ of 0.45
eV for this quantity. The procedure also yielded
a magnitude of 0.65 + 0.05 for the j= —, component
relative to the j=-,' component, in agreement with
the ratio 4:6 expected on occupancy considera-
tions, which shows that the matrix elements are
independent of j. This is consistent with the uni-
formity seen in these matrix elements for transi-
tions from these core levels to the conduction
band.
A detailed comparison of the j= -,' ~z, line shape
to the lifetime-broadened Coulomb-enhanced
Franz-Keldysh theory"' as given by Blossey'
showed that this mechanism is also responsible
for core-level EH spectra. A broadening of
I' —= 160 meV was found for this transition. This
value was obtained explicitly for a 110-K spec-
trum, but it is essentially independent of temper-
ature. A calculation of the expected magnitude
of ~E, showed that the matrix element for Ga 3d-
core-conduction-band transitions is only about
—,
'
of the value, 2mB'/a„characteristic of sp'-va-
lence-conduction-band transitions. This is in good
agreement with previous results' based onabsorption
measurements, which showed relative values of the
order of 5 for 3d-conduction-band transitions.
II. EXPERIMENTAL
All measurements reported herein were per-
formed with the Schottky ba, rrier electroreflectance
(ER) technique on Te-doped (~n-5 x l(F' cm ')
single crystals of GaP. Samples were prepared
with Ni Sehottky ba, rriers as described elsewhere. '"
Spectra were obtained with sample temperatures
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at 110 K at the Synchrotron Radiation Center of the
Physical Sciences I aboratory of the University
of Wisconsin. Details of the experimental appa-
ratus have also been given elsewhere. '"
III. RESULTS AND MSCUSSION
A. Crystal orientation effects
The dominant mechanism for producing the po-
larization or crystal-orientation effects used in
symmetry analysis' of critical points between sp'
valence and conduction bands —optical selection
rules involving critical points made inequivalent
by means of a tensorial perturbation —should not
work with core-level transitions because the core
bands are too flat to allow them to be separated
by the crystal potential into states of different
symmetry (different selection rules) which can be
resolved in energy. A polarization or orientation
effect could arise from matrix-element differences
among transitions degenerate in energy, but this
effect should be small.
We investigated crystal-orientation effects by
comparing Schottky-barrier EH spectra taken on a
(110] crystal surface with angles of incidence of
Q = 30' and P = 60' with predominantly p-polarized
light and for the plane of incidence oriented along
[110]and [001]. Although these are the major
crystallographic directions in the (110)plane, the
polarization field P of the light wave in the crystal
is oriented differently because of refraction effects
which become significant when
~n
~
& 1, as is the
case here. Using &,=0.56+ i0.29,'" for QaP at
[ooi]
—--- [iso]
21 eV, we find that for /=60', P =0.992+0.16y is
very nearly parallel to [100] for the plane of inci-
dence containing [110] in the surface, while
p =—0.5'+ 0.59y+ 0.562 is very nearly parallel to
[111]for the plane of incidence containing [001].
[The projection of p onto X~II —(2+ j))/~2, where
if z is the applied field, remains the same in each
case. ] Thus despite refraction effects we are still
able to obtain spectra with p oriented approximate-
ly along different major symmetry axes.
The results for /= 60' are shown in Fig. 1 for
20-22 eV and in Fig. 2 for 22-25 eV. The modu-
lation levels are the same for both spectra, and
neither has been sealed. The spectra do not show
any differences that are significantly larger than
our experimental uncertainty (which increases
substantially by 25 eV). The same result was ob-
tained for Q = 30', although a direct comparison
between 30' and 60' spectra is not possible due to
differences in the Fresnel reflectance coefficient.
We conclude that crystal orientation and polariza-
tion effects are minor in core-level EH spectra of
cubic crystals, showing that neither core-level
dispersion nor matrix-element effects are signifi-
cant.
B. Calculation of he from b,R/R
&& can be calculated from bR/R by means of
the fundamental equation of modulation spectros-
copy, which in complex variable foxm is"
&c = (4R/R+ i2a8)/(n ip), -
where
E dE' hR (E')E"-E' R(E') '
For a three-phase (GaP-Ni-vacuum) system at
1 — GaP -85K
$ ~60'
[001]
[110]
SOP —110K
$ = 60'
FIG. 1. Comparison of Schottky-barrier EB spectra
from 20-22 eV of (110) surface of Gap at P =60 for the
plane of incidence containing j001) (—) and [110] (-—).
Other conditions were identical.
22
I
24
FIG. 2. As Fig. 1, but from 22-25 eV.
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non-normal incidence, the generalized Seraphin
coefficients (n —iP) are given for p-polarized light
by'
4z, line shape, we are able in addition to obtain a
slightly better value of the dielectric function of
QaP in this energy range. Despite the relatively
large differences between the dA/R line shapes,
the &&, line shapes are in good agreement, pro-
viding confidence in the line shapes and also show-
ing further that polarization-orientation effects
cannot be large.
C. Separation ofj= ~ and j= ~ components
Cy'Pl~~ C~ Ply~
p x$ =
Coyote~
C~?l„~+ C„Pgy
~
(4)
(6)
In order to obtain independently the j= 2 compo-
nent, we assume that the j=-,' and j=-,' components
are shifted in energy according to
&E.,(E)=f (E)+ Cf(E —4E),
f
l
I
)
/
v
GQP —110 K
(Ni -4nrn)
d is the thickness of the Ni overlayer, and g, 0„
and b refer to the ambient, overlayer, and bulk
(substrate) phases, respectively.
Using a thickness d= 40 A and the measured di-
electric functions of'" QaP and" Ni in the 20-22-
eV energy range, we calculated spectra ~&, by
means of Eqs. (1)-(6) from hR/R spectra taken
at both /=30'and /=60 . The results are shown
in Fig. 3. As discussed elsewhere, ' it was neces-
sary to add 0.0+ f0.06 (a, 10% correction) to the
value of ~, for GaP in order to obtain the best
agreement between the two 4&, spectra. Thus, in
addition to obtaining R consistency cheek on the
j(E)= g (- C)"~&,(E —n~E). (8}
Since Eq. (8) does not have a unique solution,
additional conditions must be imposed to deter-
mine which solutions are allowable. We do this
by requiring that any higher-lying oscillations
above the main structure in f(E) must die out as
rapidly as possible, and f(E) must not have any
replicas of the main structure appear at higher
energies. With these restrictions, the allowed
ranges of C and ~E are 0.6&C&0.7, and 0.41&ATE
&0.45 eV, respectively. We find therefore that
C = 0.65 + 0.05 and 4E = 0.43 + 0.02 eV. The curve
shown in Fig. 4 was calculated for C = 0.67 and
~E= 0.435 eV.
The value of C obtained agrees well with the
theoretical value 3 „which would result from occu-
pancy considerations alone. Qccupancy would be
the determining factor if the momentum matrix
elements of the 3d" -X', transitions were indepen-
dent of j. This is consistent with our observation
of no crystal orientation or polarization depen-
dence of core-level transitions on these materials,
The value of 4E is slightly less than that ob-
tained from earlier measurements. This value
should be more reliable, since it hasbeencorreet-
ed for overlap effects.
where f(E) is the line shape of the j= —', component,
C is the relative amplitude of the j= & component,
and &E is the spin-orbit splitting. Equation (7) can
be solved for f(E):
FIG. 3. Line shapes 4m&~ calculated from DA/A spec-
tra taken at Q =30 (---) and P =60' (—).
D. Dc, line shape —comparison with theory
Even though the hole state is localized, the ex-
tended conduction-band state of the electron should
interact with the modulating electric field via a
Franz-Keldysh mechanism, suitably modified by
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the Coulomb interaction, "' to produce the observed
line shape. Calculations of lifetime-broadened
line shapes have been given explicitly by Blossey. '
The general shape and energy scale of the theo-
retical curves depend on three parameters: the
broadening I', the exciton rydberg R,„, and the
characteristic electro-optic energy 88. Although
it is possible in principle to determine these
parameters by line-shape fitting, the modifications
obtained are subtle and in any event are probably
less than our experimental uncertainty.
Consequently, we shall compare theory to ex-
periment by estimating our best values for these
parameters and by comparing the resulting theo-
retical line shape calculated with these param-
eters to experiment. We are guided by the follow-
ing considerations. First, assuming a dielectric
breakdown field of 8,=—500 kV cm ', and given
the masses m, =1.7m, and m, =0.191m, for the
X,' minimum, "we calculate 8'8= (e'S~P'/2m*)'~'
=79 meV for the two critical points with m*= w, ,,
and 68= 65 meV for the four critical points with
m*= (0.5/m, +0.5/m, ) '. Thus h8 should be of the
order of 70 meV. Secondly, we found that it was
not possible to affect the width of the line shape
by more than (10-20)% from the lowest to the
highest possible modulation levels. This shows
GaP -ER
110 K
0
that the line shape is dominated by lifetime-broad-
ening effects, or that I'-2&8,"for the highest
possible modulation levels. We shall therefore
take as our initial estimate I = 258 140 meV.
Thirdly, comparison of x-ray photoemission spec-
troscopy" Bnd electroreflectance' values of the
energy of the 3d" core levels shows that R,„-170
meV for this transition. ' Thus we shall assume
that R"= I"
With these assumptions on the relative magni-
tudes of 88, I", and R,„, the lifetime-broadened
Coulomb-enhanced Franz-Keldysh theory yields
the dashed-line spectrum shown in Fig. 4." The
width, center energy, and magnitude were scaled
to give the best agreement to the experimental
curve over the main structure. The line-shape
agreement is quite good, supporting the assump-
tions made on the relative magnitudes of the quan-
tities involved and a].so on the basic nature of the
interaction.
We can use these results to improve our initial
estimate of the value of I', since the energy sep-
aration between the two negative extrema is 1.6I'
for the given relative values of h8, I', and R,„.
Since the observed separation in Fig. 4 is 260
meV, we calculate I"= 160 meV. It is not possible
to reestimate R,„or h8, even with a knowledge of
the line shape, because for these conditions there
are no features that derive primarily from these
quantities. We can conclude only that R,„-I'
= 160 meV, in agreement with our previous esti-
mate. But it is possible to identify the second-
lowest zero crossing at 20.48 eV with the energy
E -R,„, in good agreement with our previous val-
ue" of 20.50 eV for this quantity.
We estimate finally the matrix element of this
transition from the general expression'
g= 5/2 + J~3/2
J= 5/2
THEQRY
20 21
E (eV)
FIG. 4. Decomposition of &a& line shape (top) into thej= ~ component (bottom, solid line) . Superimposed on
the j= ~ line shape is a theoretic electro-optic line
shape (dashed line) calculated by Blossey (Ref. 12) for
r=a,„, 0=x,„/Z.
4 &h' p,'~
x
where q is the static dielectric constant, P~ is the
momentum matrix element between the Ga 3d" and
X', wave functions, E is the threshold energy, g„
is the exciton radius, and P'(0) is the density-of-
states function which approaches the value 2m as
E-E . Here, we work with 4&, and the Kramers-
Kronig transform of AQ'(0), which have the peak
values 2.7 x 10 ' (from Fig. 4) and 0.095(by calcu-
lation), " respectively. These values are there-
fore substituted for e, and Q'(0) in Eq. (9). Elim-
inating a„and e by the relations R,„=(m*/m)& '
Ry and a„= (no*/m) '&as, where as = 0.529 x 10 '
cm, and normalizing I'~ to the usualvalence-con-
duction-band value P,„=ah/a„where a, = 10.300as
for GaP,"we have, using our previous estimate
of R,„=170 meV and m*= (m, m', P~'= 0.40m„ that
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S„jS = O. 34 .
Thus the matrix element of the Ga 3d" -X', transi-
tion is only about —,' as large as that typical of sp'-
valence -conduction-band transitions. Ratios of
the order of -', were found previously for GaAs,
GaSb, InAs, and InSb by Qudat et gl.' by means
of absorption measurements.
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